Domain walls separating uniform magnetic domains of different orientations play a central role in magnetic materials and have, therefore, attracted broad experimental and theoretical interest. [1] [2] [3] [4] [5] [6] [7] [8] [9] The appearance of these domain walls not only affects the magnetic behavior but also contributes to the electrical magnetoresistance (MR) due to the domain wall resistivity (DWR). 1 This characteristic behavior of domain walls is used in various spintronic applications 10, 11 and full understanding and control of the domain walls will lead to the development of new functional devices. 12, 13 In the past decades a range of materials incorporating domain walls with either positive or negative DWR were predicted and observed. [2] [3] [4] [5] [6] [7] [8] [9] Considerable experimental and theoretical efforts have established several possible mechanisms that could be responsible for the occurrence of DWR. 2-9, 14, 15 Positive DWR behavior was explained by the reflection of electrons from domain wall, 9 mixed spin channel conduction, 8 and Hall effect, 14 while a negative DWR behavior could be caused by the destruction of weak localization at domain walls. 15 In contrast to the widely investigated DWR in ferromagnetic elemental metals, we have studied DWR-induced anomalous anisotropic magnetoresistance (AMR) in La 2/3 Sr 1/3 MnO 3 (LSMO) manganite thin films. Ferromagnetic LSMO exhibits a very high Curie temperature of 370 K 16 with almost 100% spin polarization 17 and is emerging as a very promising material for various applications such as memory devices. [18] [19] [20] Introducing anisotropic strain to the ferromagnetic LSMO thin films on (110) NdGaO 3 (NGO) substrates leads to uniaxial magnetic anisotropy (MA), 21 which will result in a periodic stripe domain structure. 22 This highly anisotropic domain pattern consisting of a high ratio of domain wall to domain is ideal for investigating the electrical behavior parallel and perpendicular to the domain walls. 1 Variations in the magnetoresistance caused by the change of the density and orientation of domain walls with magnetic field can reflect the domain wall resistivity and underlying coupling between electron and spin within the domain walls. Our experiments demonstrate that uniaxial MA and its resultant stripe domain structure in LSMO play a crucial role in causing anomalous AMR. Detailed analysis indicates that the DWR in LSMO is most likely caused by spin dependent scattering in a mixed spin channel domain wall.
a Author to whom correspondence should be addressed. Electronic mail: a.j.h.m.rijnders@utwente.nl. LSMO thin films were grown on GaO 2 terminated NGO (110) substrates from a stoichiometric La 2/3 Sr 1/3 MnO 3 target by pulsed laser deposition using a KrF excimer laser operating at 248 nm. The atomically flat GaO 2 terminated NGO substrate, as confirmed by atomic force microscopy (AFM) image in Fig. 1(a) , was obtained by chemical etching and subsequent annealing at 1050
• C for 4 h. 23 The laser fluence and repetition rate were 0.6 J/cm 2 and 2 Hz, respectively. The substrate temperature was maintained at 680
• C during the growth. The growth process was monitored by reflection high-energy electron diffraction (RHEED) intensity, which displayed a layer by layer characteristic growth ( Fig. 1(b) ). The LSMO films of different thickness ranging from 12 unit cells (12 u.c.) to 90 u.c. were grown and they exhibited same characteristic of anisotropic MR. Here, we would like to present results of 12 u.c. thick film in detail as an example to illustrate how the uniaxial MA induced anomalous AMR in LSMO. The RHEED pattern of the surface of a 12 u.c. LSMO film indicated the presence of a two-dimensional smooth surface. This was confirmed by AFM analysis with the observation of atomically smooth terraces at the LSMO surface separated by single unit cell steps of about 0.39 nm (see Fig. 1(c) ). The crystal structure of the 12 u.c. thick LSMO film was characterized by reciprocal space mapping (RSM), see Magnetic and transport properties were measured by using a Quantum Design Vibration Sample Magnetometer (VSM) and a Physical Properties Measurement System (PPMS), respectively. The magnetization of the LSMO films was acquired by subtracting the paramagnetic signal of each NGO substrate. Fig. 2(a) shows the magnetic field dependent magnetization (M-H) hysteresis loops along two perpendicular directions [001] vs [110] (the subscript (O) for orthorhombic index is not used here and after). It is clear that the film exhibits strong uniaxial MA and the magnetic easy axis is [110] in good agreement with previously reported studies. 21 By measuring the saturated magnetization (M s ) from the M-H curves at different temperature, the Curie temperature (T C ) is determined to be 288 K (see Fig. 2(b) ) for the LSMO thin film with a thickness of 12 u.c. The transport properties are shown in Fig. 3(a) , where the T-dependent resistivity along [110] and [001] perpendicular directions displays similar electrical behavior for zero magnetic field. The LSMO film exhibits typical bulk like colossal MR under 5 T and 9 T strong magnetic fields, as shown in Fig. 3(a) , where the maximum MR occurs at a temperature close to Curie temperature. 16 Detailed MR analysis at 100 K enabled the characterization of the strong effect of uniaxial MA on MR, as the bulk colossal MR effect will disappear and the uniaxial MA effect will be more pronounced. The magnetic field dependence of the MR at 100 K was measured under a magnetic field sweep loop (+H → 0 → −H → 0 → +H). The MR effects for currents applied along [110] and [001] show dissimilar behavior although the magnetic field was applied along the same out of plane [110] direction, see Fig. 3(b) . The MR curve for the current I applied along [110] (I//[110]) displays a bufferfly shape for low magnetic field values in the range of −6000 Oe to 6000 Oe without hysteresis. For higher magnetic fields the MR displays a linear dependence which is related to the suppression of spin fluctuations. 16, 24 In contrast, the MR curve for the current I applied along [001] 25 This is also indicated by the switching fields from a positive MR behavior to negative MR behavior, as indicating by the arrows in Fig. 3(c) . When the magnetic field is applied along the easy axis [110], we are unable to observe the switching fields since the magnetic coercive field of ∼4 Oe, as shown in Fig. 2(a) , is too small to show up in this MR measurement. We can conclude that the AMR is related to the uniaxial magnetic anisotropy and not only depends on the magnetic field direction but also on the current direction relative to the magnetic easy axis.
The AMR and MA correlation could be explained by the presence of stripe domains in LSMO thin films, as uniaxial MA is reported to favor the formation of stripe domains. 1 For LSMO grown on NGO (110) substrates very clear periodic stripe domains have been reported exhibiting domain widths of about 150 nm 22 with strong anisotropic behavior at temperatures far below the Curie temperature. According to our results the domains are elongated along the [110] direction, which corresponds to the magnetic easy axis, as shown in the schematic of the LSMO stripe domain structure in Fig. 4(a) . The Néel domain wall, as indicated by the green color, is estimated to have a width of about 50 nm according to the formula w = π 2 J ex S 2 K a . 25 Here "term" J ex is 2 meV and an averaged "term" S of 1.835 for LSMO is used. 26 The uniaxial anisotropy energy K is calculated by K = H k · M s /2 = 4 μeV. 25 Since the spacing of domain wall (d) for stripe domain structure is proportional to t −1/2 (t is film thickness), 25 we can estimate d = 1.4 μm for our 4.6 nm thick LSMO while extrapolating from d = 150 nm in a 400 nm thick film. 22 The domain wall density (≡w/d) then is ∼ 4%.
Based on this picture, a model of AMR is proposed as shown in Fig. 4(b Fig. 4(b) . The MR-H and M-H curves display similar behavior where MR coherently changes during domain rotation at low field (−H K < H < H K ) and later transits into aforementioned high field MR. The low field MR is caused by the rotation of domain walls and at zero field a stripe domain structure forms (see inset panel I in Fig. 4(b) ). When a magnetic field smaller than the switching field H K is applied, the initial rotation of domain walls occurs as the inset panel II shows. For magnetic fields larger higher than H K , the domains orient along the same direction with all spins rotated to the hard axis (see inset panel III) and domain walls are eliminated. In the case of a parallel current and a perpendicular magnetic field to the stripe domain, the applied magnetic field causes the formation of a new domain pattern with domain walls not parallel to the current direction (domain pattern II), thus resulting in a positive MR. In contrast, for a perpendicular current to the stripe domain wall initially, the magnetic field will rotate their intersection angle away from 90
• , thus reducing the resistivity. Under a relative high field H > H K , the domain wall rotation and domain wall resistivity subside, making the normal bulk MR effect the dominant factor. In conclusion, the domain wall resistivity is bigger in current-domain perpendicular geometry 1, 8 than in parallel geometry, and formation of stripe domain structure is very important in determining AMR. This also enables us to explain the [110] magnetic field induced MR in Fig. 3(b) . If the field is along easy axis [110], then domain rotation process happens at very small field region.
The stripe domain induced low field AMR can be tuned by changing the domain wall density. Since the thicker film will have a smaller domain wall spacing following the d ∝ 1/t 1/2 relation, 25 a higher domain wall density is expected in a thicker film. Indeed the amplitude of domain wall induced MR (as the peak position in Fig. 4(b) showing as an example) is higher in thicker film. For example, a ∼0.2% domain wall MR at 100 K is observed in a 90 u.c. film which has domain wall density of 7.2% as estimated by a method aforementioned. Comparing with 0.1% domain wall MR and 4% domain wall density in a 12 u.c. film, the higher domain wall MR in the 90 u.c. film is quantitatively consistent with the change of domain wall density, further confirming that the low field AMR arises from the stripe domain. The mechanism causing the domain wall resistivity is still unclear. A Hall effect inside the domains 14 could drive the current in a zig-zag manner through the domains in current directions perpendicular to the domain geometry and, therefore, result in an increased domain resistivity by (ρ xy /ρ xx ) 2 .
14 However (ρ xy /ρ xx ) 2 is almost negligible in LSMO films. 27 Furthermore, the domain wall reflection induced domain wall resistivity can be excluded as well since the expected domain wall width of ∼50 nm is much larger than the Fermi wavelength. 1, 9 Another possible mechanism could be the enhanced scattering rate inside the domain walls due to a misalignment of the spins. 28 According to the double exchange model, this misalignment of spins across a domain boundary by an angle θ will reduce the band width by a factor of cos(θ /2) and consequently increase the density of states at the Fermi level. [28] [29] [30] [31] As a result, the scattering rate would increase and promote the domain wall resistivity. A lattice constant of 0.387 nm for LSMO and a domain wall width of ∼50 nm would result in a spin misalignment angle of ∼1.4
• , leading to a DWR to uniformly magnetized region resistance (R) ratio DWR/R = 1/cos(θ /2) of about 1.0001. 28 Therefore, an estimated MR from a double exchange model would be 0.01% which is much smaller than our observation of ∼0.1% (see Fig. 4(b) ). Considering the fact that the domain walls would only comprise ∼4% of the film, a corrected DWR/R ratio of ∼1.025 can be determined, leading to a large discrepancy between the double exchange model and the experimental data.
A mixed spin channel domain wall scattering 8 is found to be more consistent with our experimental results. LSMO is a highly spin polarized material, 17 but with inside the domain walls possibly a mixture of majority and minority spins, with the latter one blocking the traversing of the majority spin current from the uniform domains. This domain wall scattering leads to 8 with ρ ↑ 0 and ρ ↓ 0 as the resistivity of the spin up and the spin down channel. Here the ξ = π 2 K F /4mdJ, d and J are, respectively, "term," domain wall width and double exchange splitting energy. This effect is found in Co and Ni to produce a DWR/R of 1.02-1.11. As the double exchange splitting energy J in this Levy-Zhang model 8 is corresponding for to a direct exchange magnet, we may estimate a smaller J value for LSMO since its Curie temperature is much lower than Co. The ρ ↑ 0 /ρ ↓ 0 ratio can be similar as or even larger than Co due to high spin polarization in LSMO. Therefore, the DWR/R ratio in LSMO thin films can be at least similar to that in Co and produces a MR of the same order of magnitude as our experimental data. Finally, other mechanisms such as spin-orbital coupling 6 could still contribute to the domain wall resistivity and more detailed analysis is required to provide a full understanding of the DMR in LSMO thin films. In summary, we observed strong dependence of the AMR on uniaxial magnetic anisotropy. The uniaxial anisotropy causes a stripe domain structure with domain walls along the [110] easy axis in LSMO thin films. The experimental results demonstrate that MR is strongly dependent on the current, magnetization, and magnetic field configuration. The stripe domain structure gives rise to enhanced resistance when the current is applied perpendicular to the domain walls. Detailed analysis indicates that the domain wall resistivity is most likely caused by the scattering of spin polarized current in a mixed spin channel domain wall. These results suggest that the spin polarization in LSMO thin films plays a very important role in the domain wall resistivity and its control could lead to interesting device applications.
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